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Renal injury of diet-induced hypercholesterolemia in rats. Abnormal-
ities in lipid metabolism frequently accompany renal disease and may
be important in the pathogenesis of progressive renal injury. In the
present study, the effects of a high cholesterol diet on renal histology,
cortical lipids, and glomerular hemodynamic function were examined in
normal rats with and without reduced renal mass. Cholesterol feeding
for 19 weeks increased serum cholesterol from 66 10 mg/dl to 256
93 mg/dl in two-kidney rats, and from 73 15 mg/dl to 407 274 mg/dl
in nephrectomy rats (P < 0.01). Both sham-operated and unilateral
nephrectomy rats fed a high cholesterol diet had a greater amount of
glomeruloscierosis and tubulointerstitial damage than rats fed standard
chow. Cortical cholesteryl esters were increased by the cholesterol
diet, and correlated with the amount of glomeruloscierosis (r = 0.90, P
<0.01) and tubulointerstitial injury (r = 0.64, P < 0.05). Cholesterol
feeding and nephrectomy both caused alterations in tissue essential
fatty acids, and a panel of specific monoclonal antibodies indicated that
renal injury and cortical lipid alterations were associated with an
increase in glomerular macrophages. Finally, micropuncture experi-
ments carried out in a separate group of rats fed high cholesterol for 8
to 10 weeks demonstrated increases in glomerular capillary pressure.
These results suggest that additional investigations may ultimately
determine how cholesterol deposition, altered fatty acid metabolism,
macrophages, and increased glomerular pressure might combine to
cause chronic progressive renal injury.
After major renal damage has occurred, there is often a
deterioration in function that progresses even when the initial
cause of injury is no longer evident. The results of a number of
investigations have suggested that one or more nonimmune
mechanisms may be important in the pathogenesis of this renal
injury. In rat models of chronic renal failure, established by
surgically reducing the amount of functional renal mass, com-
pensatory increases in glomerular pressures and flows have
been implicated in the development and progression of renal
injury [1, 2]. Abnormalities in coagulation, prostaglandins, and
other metabolic factors have also been shown to be important
mediators of injury in rats with reduced renal mass [3—51.
Recently, a number of investigations have suggested that
alterations in lipid metabolism may be important in the patho-
genesis of progressive renal injury [6—9]. Indeed, lipid lowering
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agents ameliorated the amount of renal injury in rats with
reduced renal mass [7]. Antilipemic agents also reduced the
amount of renal injury in the obese Zucker rat model of
endogenous hyperlipidemia [6]. Moreover, in studies carried
out using Zucker rats subjected to unilateral nephrectomy,
renal injury was found to be associated with major alterations in
cortical lipids [101. Specifically, an increase in cortical choles-
teryl esters, and a renal fatty acid profile suggesting a relative
essential fatty acid deficiency, were associated with glomerular
and tubulointerstitial damage [10].
Diet-induced hypercholesterolemia has been shown to cause
renal injury in rats, rabbits, and guinea pigs [8, 11—14]. How-
ever, the mechanism whereby cholesterol caused renal injury in
these studies is unknown. In the present investigation, rats
were fed standard laboratory chow, or standard chow supple-
mented with cholesterol, for 19 weeks. Since reduced renal
mass itself can cause renal injury that might be influenced by
accompanying lipid abnormalities, the effect of diet-induced
hypercholesterolemia in rats subjected to unilateral nephrec-
tomy was also investigated. The effects of cholesterol feeding
and reduced renal mass on serum lipids, urine albumin excre-
tion, glomerular and tubulointerstitial injury, glomerular mac-
rophages, and renal tissue lipids were examined. Because
hemodynamic alterations may also contribute to glomerular
injury [1, 2], a separate set of experiments was carried out to
investigate the effects of hypercholesterolemia and nephree-
tomy on glomerular hemodynamic function.
Methods
Experimental design
Two separate studies were carried out, a long-term investi-
gation of renal injury and a short-term study of glomerular
hemodynamics. In the long-term experiments, 42 male,
Sprague-Dawley rats (Charles River, Wilmington, Massachu-
setts, USA) were fed standard laboratory chow (5001, Ralston
Purina, Richmond, Indiana, USA) after weaning. At six weeks
of age, 26 rats were switched to standard chow supplemented
with 4% (wt/wt) cholesterol and 2% (wtlwt) sodium cholate.
The standard chow contained 23.4% protein and 0.61% phos-
phorous, while the high cholesterol chow contained 22.0%
protein and 0.59% phosphorus. Sixteen rats were continued on
standard chow. At 10 weeks of age, a portion of the rats in each
group underwent unilateral nephrectomy (N = 24) or sham
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surgery (N = 18). All rats were subsequently maintained on
their respective diets, and were fed ad libitum. Body weights
were obtained weekly.
At 10, 22, and 25 weeks of age, rats were placed in metabolic
cages and 24-hour urine samples were obtained to measure
albumin excretion. During the urine collection, rats were de-
prived of food, but had free access to water. Urine albumin was
determined using a monospecific antibody to rat albumin (Cap-
pd Laboratories, West Chester, Pennsylvania, USA) and a
laser nephelometer (Hyland, Deerfield, Illinois, USA). Awake,
systolic, tail cuff blood pressures were also measured at 10 and
22 weeks of age as previously described [7]. In addition, blood
was obtained from the tails of rats subjected to light ether
anesthesia at 10, 16, and 22 weeks of age for fasting serum
cholesterol and triglycerides. At 25 weeks of age, renal tissue
was removed for histology and lipid analysis. Blood was also
obtained for serum albumin, total protein, creatinine, and
hematocrit.
In a second set of short-term experiments, six-week-old rats
weighing 150 to 200 g were placed on either standard chow, or
standard chow supplemented with cholesterol. At 10 weeks of
age, rats in each diet group underwent either right unilateral
nephrectomy or sham surgery. Micropuncture experiments
were performed four to six weeks after surgery, that is, when
rats were 14 to 16 weeks of age.
Tissue lipid analysis
Complete lipid analysis was carried out on renal cortical
tissue from three rats randomly selected from each of the four
experimental groups. The extraction and analytic techniques
have previously been described in detail [10]. Briefly, fresh
cortical tissue was heated (95°C) in 0.05 N acetic acid for 30
minutes to denature hydrolytic enzymes and nonlipid contam-
inates. Lipids were extracted using methanol and chloroform
[10]. The tissue extracts were fractionated on a 0.2 x 45 cm
silicic acid column treated with ammonium hydroxide. High
performance liquid chromatography was carried out using a
Spectra Physics Model 3500B (Spectra Physics, Santa Clara,
California, USA) pumping system at 1000 psi. The eluent was
passed through a flame-ionization detector. The major lipid
classes were expressed as a percent of the total lipids.
For fatty acid analysis, triglycerides and phospholipids were
isolated by thin layer chromatography. The methyl esters of the
fatty acids were prepared by transesterification with 3 N meth-
anol HC1. Methyl esters were analyzed on a Hewlett-Packard
Model 5840A gas chromatograph (Hewlett-Packard, Avondale,
Pennsylvania, USA) equipped with a flame ionization detector
using a 0.25 mm x 30 mm silica capillary column [10].
Micropuncture techniques
All micropuncture studies were performed in fed, euvolemic
rats using techniques previously described [6, 7]. Rats were
anesthetized with sodium pentobarbital (50 mg/kg body wt) and
placed on a heated table. A tracheostomy was performed, and
catheters (PE-50) were placed in the femoral vein, femoral
artery, and bladder. Rats received a bolus injection of Ringer's
solution (0.5% of body weight) over approximately 15 minutes.
Ringer's solution, or Ringer's containing 25 tCi 3H-inulin per
ml, was then infused at a rate of 0.5 mlIlOO g body wt/hr
throughout the remainder of the experiment. The kidney was
exposed through an abdominal incision, cleared of perirena]
tissue, immobilized in a plastic holder, and bathed continuously
with mineral oil at 37°C.
After a 45-minute stabilization period, timed proximal tubulai
fluid collections were made to determine single nephron gb-
merular filtration rate (SNGFR). Proximal tubular pressure (P
was measured under free-flow conditions. In a different grouç
of tubules, after blocking the tubular lumen with Sudan black-
colored mineral oil, stop-flow pressure (Pf) was measured [15].
Efferent arteriolar pressure (PE) was determined in randomly
selected, efferent vascular welling points. An arterial blood
sample was obtained for determination of afferent arteriolar,
plasma total protein concentration (CA), plasma cholesterol,
and plasma colloid osmotic pressure. The latter was determined
directly using a colloid osmometer (Model 4401, Wescor, Inc.,
Logan, Utah, USA). Blood samples were also taken from
efferent arteriolar welling points for determination of effereni
arteriolar, plasma protein concentration (CE). Single nephron
filtration fraction (SNFF) was calculated as SNFF = 1 —
CA/CE, and single nephron plasma flow (SNPF) was calculated
as SNGFRJSNFF. Glomerular capillary pressure (PGC) was
estimated as the sum of 'sf and colloid osmotic pressure. In all
cases, filtration pressure equilibrium was not attained, and
unique values for the glomerular ultrafiltration coefficient (Kf)
were calculated as previously described [16]. Afferent (RA) and
efferent (RE) arteriolar resistances were calculated using equa-
tions previously described [16].
Plasma chemistries
Blood was centrifuged, and plasma total protein and choles-
terol concentrations were determined. Plasma total protein was
measured using the Lowry technique. Cholesterol and triglyc-
erides were measured colorimetrically as described previously
[6, 7].
Histology
Renal tissue from the 10-week-old rats subjected to nephrec-
tomy was examined in a blinded manner using light microscopy
(400 x). Coronal sections were fixed in Zenker's solution,
imbedded in paraffin, and stained using periodic acid with
Schiff's reagent. Glomerular and mesangial areas were deter-
mined using a point counting method. For each tissue speci-
men, 25 glomeruli encountered on a serpentine course between
cortex and medulla were evaluated with a 100-point, calibrated,
eyepiece grid. The area of each glomerular cross-section was
determined by multiplying the fraction of the points from the
100-point grid falling on the glomerular tuft by the area of the
grid. The number of points falling on mesangial tissue, divided
by the number of points falling on the glomerular tuft, was used
to calculate the mesangial area relative to the total area of the
glomerulus. The glomerular and mesangial areas for each tissue
specimen were calculated as the mean of the 25 individual
measurements. This method was designed to allow a compari-
son to be made between experimental groups, and not to
determine true glomerular and mesangial dimensions.
Tissue from rats killed 15 weeks after surgery was also
examined to determine the amount of glomerulosclerosis and
tubulointerstitial injury. Glomerulosclerosis was characterized
by global or segmental areas where capillaries were collapsed
and replaced by PAS-positive material. Frequently, areas of
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Table 1. Effects of diet and nephrectomy on body weight, kidney weight, blood pressure and serum chemistriesa
a Except as noted, values are from rats 25 weeks of age, mean SD.
segmental sclerosis were accompanied by adhesions to Bow-
man's capsule. The number of glomeruli with any degree of
segmental or global sclerosis was divided by the total number of
glomeruli to determine the percent of sclerotic glomeruli. A
minimum of 100 glomeruli were examined for each tissue
specimen. In addition, the amount of tubulointerstitial damage
(tubular dilatation, casts, and interstitial fibrosis) was estimated
by examining 10 cortical fields (100 x), and semiquantitatively
grading the degree of damage in each field using a 0 to 4+ scale.
The mean of 10 determinations was calculated as an index of
tubulointerstitial damage for each tissue specimen.
At the end of each micropuncture experiment, renal tissue
was obtained, prepared as described above, and examined by
light microscopy. At least 100 glomeruli were examined in each
tissue specimen for the presence of glomerulosclerosis. This
histologic evaluation was used to ensure that, at the time of
micropuncture, rats did not have extensive glomerular disease
that could have affected glomerular hemodynamics.
Glomerular immunocytologic studies
Glomerular lymphohemopoietic cells were identified using
monoclonal antibodies to rat cells [17]. Antibodies reacting
predominantly to rat, Ia-antigen positive monocyte/macro-
phages (0X4), rat common leukocyte antigen, and T-suppres-
sor/cytotoxic cells (0X8) were obtained from Pel-Freeze Bio-
logicals, Rogers, Arkansas, USA, and antibodies to T-
lymphocytes (0X19) were obtained from Accurate Chemical
and Scientific Corporation, Westbury, New York, USA. Tissue
from 25-week-old rats, killed 15 weeks after surgery, was
flash-frozen in isopentane that had been pre-cooled with liquid
nitrogen. All tissue was stored at —70°C until processing.
Tissue sections (4 jim) were air-dried, acetone-fixed, then
incubated with appropriate dilutions of monoclonal antibodies
as previously described [17]. After washing, they were reacted
with FITC conjugated rabbit antimouse IgG F(ab')2, followed
by FITC goat antirabbit IgG F(ab')2 (Pel-Freeze Biologicals).
Coverslips were mounted using PBS glycerol containing 0.1%
p-phenylenediamine to retard fluorescence quenching and the
nuclear stain ethidium bromide to localize immunofluorescence
staining. The number of positive cells in each glomerulus and
the percent of glomeruli with any labeled cells were determined
by epifluorescence microscopy. Ten glomeruli were examined
in each tissue specimen.
Statistics
Results are expressed as mean SD, unless otherwise
indicated. All variables were screened using indices of skew-
ness and kurtosis to determine whether the distribution was
reasonably Gaussian. In the case of two variables, urine albu-
min excretion and sclerosis scores, a transformation was re-
quired to normalize the distribution. Urine albumins were
logarithmically transformed, and a square root transformation
was used for the sclerosis scores. The effects of nephrectomy
and high cholesterol diet were analyzed using two-way analysis
of variance. Differences between the two diet groups at the time
of surgery (10 weeks of age) and at micropuncture were
compared using Student's t-test. All analyses were performed
using the Statistical Package for the Social Sciences [18].
Differences were considered significant for P < 0.05.
Results
Long-term study: General characteristics
All rats gained weight, but rats fed the high cholesterol diet
tended to gain less than rats fed standard chow. (Table 1). The
differences in body weight between the groups, although statis-
tically significant, were never greater than 12%. Rats fed the
high cholesterol diet had serum cholesterol levels that were
two- to sixfold greater than rats fed standard chow (Fig. 1).
Serum cholesterol was elevated at 10 weeks of age, that is, at
the time of nephrectomy. Thereafter, serum cholesterol tended
to be higher in rats subjected to nephrectomy, but the effect of
nephrectomy alone on cholesterol levels did not reach statisti-
cal significance. Serum triglycerides also tended to be higher in
rats that underwent nephrectomy. This difference was statisti-
cally significant only at 16 weeks of age. At 22 weeks of age
triglycerides were slightly lower in rats fed the high cholesterol
diet compared to rats fed standard chow.
Unilateral nephrectomy caused an increase in kidney weight
compared to sham-operated rats (Table 1). The effects of
cholesterol feeding on kidney weight did not reach statistical
significance, Blood pressure was similar in all four groups, both
before and after surgery. Hematocrit was also similar in the four
experimental groups. Nephrectomy caused a reduction in se-
rum albumin in cholesterol fed rats. In contrast, serum total
protein was not affected by nephrectomy, but was increased in
rats fed high cholesterol. Nephrectomy caused an increase in
Standard chow
Sham Nephrectomy Sham Nephrectomy(N = 10) (N = 16) (N = 8) (N = 8)
Cholesterol
Significance (P value)
Diet Nephrectomy
Body weight g 559 59 541 45 500 50 526 41 <0.05 NS
Kidney weight g 1.6 0.3 2.4 0.4 1.7 0.2 2.6 0.6 NS <0.01
Blood pressure mm Hg
Ioweeksofage 126±13 121±9 124± 7 121±8 NS NS
22 weeks of age 129 12 131 15 128 14 119 8 NS NS
Hematocrit % 43 2 43 1 42 2 43 2 NS NS
Serum total protein mgldl 6.0 0.2 6.0 0.2 6.9 0.4 6.7 0.3 <0.01 NS
Serum albumin mg/dl 2,9 0.2 2.9 0.2 3.0 0.3 2.7 0.2 NS <0.01
Serum creatinine mg/dl 0.6 0.0 0.8 0.1 0.7 0.1 0.8 0.1 0.06 <0.01
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Fig. 1. Fasting serum cholesterol and triglycerides (mean SEM) are
shown. Symbols are: open bars, 10 weeks of age (just prior to surgery
when rats had been on their respective diets for 4 weeks); narrow slash
bars, 16 weeks of age; wide slash bars, 22 weeks of age. The superscript
"a" indicates that the effect of diet was statistically significant (P <0.05
by 2-way analysis of variance). The superscript "b" indicates that there
was an overall increase in triglycerides associated with nephrectomy.
This nephrectomy-induced increase in triglycerides was statistically
significant only in rats fed high cholesterol, and only when rats were 16
weeks of age.
serum creatinine. Serum creatinine also appeared to be slightly
greater in cholesterol fed rats, but the effect of cholesterol on
sertim creatinine was of marginal statistical significance.
Urine albumin excretion and renal histology
At 10 weeks of age, immediately before nephrectomy or sham
surgery, urine albumin excretion was similar in all four groups
(Fig. 2). Thereafter, the high cholesterol diet had a marked
effect on albuminuria in rats subjected to nephrectomy, and in
sham-operated rats. At the end of the study period, urine
albumin excretion was four- to tenfold higher in rats fed
cholesterol compared to standard diet controls. Although urine
albumin excretion tended to be higher in rats subjected to
nephrectomy compared to sham-operated rats on both diets,
the effect of nephrectomy on albuminuria did not reach statis-
tical significance.
At the time of surgery, when rats were 10 weeks of age and
had been on their respective diets for four weeks, significant
alterations in glomerular morphology were evident. The kid-
neys removed from rats fed the high cholesterol diet tended to
weigh slightly more than kidneys from rats fed standard chow,
but the difference was not statistically significant (1.35 0.11 g
vs. 1.27 0.09 g, P = 0.10). In the kidneys from rats fed high
cholesterol, glomerular area was increased by 17% compared to
rats fed standard chow (6580 680 s2 vs. 5640 470 p, p <
0.01). Moreover, fractional mesangial area was 29% greater in
rats fed cholesterol than in standard chow controls (26.5 3.1%
vs. 20.5 2.0%, P < 0.01). There was no glomerulosclerosis
found at this time.
By 25 weeks of age, cholesterol feeding had caused a four-
fold increase in the amount of glomerulosclerosis in sham-
operated rats (Fig. 3). Rats fed high cholesterol and subjected to
nephrectomy had almost an eightfold increase in glomerulo-
sclerosis. Although glomerular injury tended to be greater in
rats subjected to unilateral nephrectomy, the effect of nephrec-
tomy on glomerulosclerosis did not reach statistical signifi-
cance. The effects of nephrectomy and cholesterol feeding on
tubulointerstitial injury were very similar to those found with
glomeruloscierosis. Indeed, there was a close correlation be-
tween the amount of glomerulosclerosis and the tubulointersti-
tial injury scores (r 0.76, P < 0.001, N 42).
At 25 weeks of age, there was an increase in both mesangial
matrix and cellularity associated with the glomerulosclerosis. In
order to characterize the nature of the increased glomerular
cellularity, monoclonal antibodies to rat lymphohemopoietic
cell surface markers were used. The percent of glomeruli with
cells exhibiting macrophage surface markers was increased in
rats fed the high cholesterol diet (Table 2). In addition, glomer-
ulosclerosis was associated with an increased percent of gb-
meruli that had cells with macrophage markers, that is, rat
common leukocyte antigen (r = 0.32, P < 0.05) and Ia antigen
(0X4) (r = 0.44, P < 0.01). In contrast, there was no correlation
between glomerulosclerosis and the T cell markers 0X8 posi-
tive cells (r = 0.03, P > 0.05) and OXl9 positive cells (r = 0.23,
P> 0.05). Nearly identical results were seen if the findings were
expressed as the number of positive cells per glomeruli.
Renal cortical lipids
Among the major neutral lipid classes, only cholesteryl esters
were significantly affected by diet or nephrectomy when ex-
pressed as a percent of total lipids. (Table 3). Cholesteryl esters
were three- to fourfold higher in rats fed the high cholesterol
diet. When the neutral lipid classes were analyzed separately,
the percent of neutral lipids that was cholesteryl esters was 4.1
0.9% in standard chow, two-kidney rats; 5.0 0.8% in
standard chow, nephrectomy rats; 12.7 1.0% in cholesterol
fed, two-kidney rats; and 17.8 6.3% in cholesterol fed,
nephrectomy rats (effect of diet P < 0.01). Moreover, both
cholesterol feeding and nephrectomy caused reductions in the
percent of neutral lipids that were free cholesterol: 60.3 3.8%
in standard chow, two-kidney rats; 52.2 4.1% in standard
chow, nephrectomy rats; 52.8 3.4% in cholesterol fed,
two-kidney rats; and 42.8 6.4% in cholesterol fed, nephrec-
tomy rats (effect of diet, P < 0.05; effect of nephrectomy, P <
0.01, by two-way analysis of variance). Among the phospho-
lipid classes, nephrectomy caused a relative reduction in the
percent of total lipids that was sphingomyelin, while cholesterol
feeding reduced the percent of total lipids that was phosphati-
dylcholine. However, when each phospholipid was expressed
as a percent of total phospholipids, there were no statistically
significant differences in phospholipids between the four groups
(data not shown).
Overall, the cholesterol diet caused a relative reduction in
saturated fatty acids in the renal cortex (Table 4). The reduction
in saturated fatty acids was associated with a corresponding
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Table 2. Glomerular lymphohemopoietic celisa
Antibody-reactive cells
Standard chow Cholesterol
Significance (P value)Sham
(N 10)
Nephrectomy(N = 16)
Sham
(N = 8)
Nephrectomy(N 8) Diet Nephrectomy
Rat common leukocyte
antigen
0X4 (monocyte/macrophage)
0X19 (T-lymphocyte)
0X8 (T-suppressor/
cytotoxic cell)
0.33 0.19
(40 15)
0,45 0.29
(51 17)
0.11 0.16
(7 9)
0.19 0.22
(29 25)
0.22 0.18
(32 20)
0.26 0.10
(38 15)
0.14 0.11
(6 6)
0.08 0.05
(18 15)
0.63 0.44
(64 21)
0.62 0.27
(64 18)
0.13 0.13
(6 6)
0.15 0.09
(26 12)
0.63 0.30
(75 18)
0.82 0.38
(75 12)
0.25 0.14
(11 7)
0.16 0.08
(28 12)
<0.01 NS
<0.01 NS
<0.01 NS
<0.01 NS
NS NS
NS NS
NS NS
NS NS
a Valuesare mean SD of number of antibody-reactive cells per glomerulus and, in parentheses, the percent of glomeruli in each tissue specimen
that had positive cells.
E
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increase in monounsaturated fatty acids. This pattern was
evident in total, phospholipid, and triglyceride fatty acid pools.
In the phospholipid fraction, the proportion of polyunsaturated
fatty acids was not affected by diet. However, in the triglycer-
ide pooi, the proportion of fatty acids that was polyunsaturated
was increased in rats fed high cholesterol. Nephrectomy had no
significant impact on the overall relative proportions of satu-
rated, monounsaturated, and polyunsaturated fatty acids.
100.0
10.0
1,0
0.
Sham Nx Sham Nx
Standard Diet Cholesterol
U,
a,0
a,Q
a,
CDC,0U-
Fig. 2. Urine albumin excretion (mean
SEM, logarithmic scale) is shown. Symbols
are: open bars, 10 weeks of age (just prior to
surgery); narrow slash bars, 22 weeks of age;
wide slash bars, 25 weeks of age. The
superscript "a" indicates that the effect of
diet was significant (P < 0.05 by 2-way
analysis of variance).
Fig. 3. The percent of glomeruli with
segmental or global glomerulosclerosis (mean
SEM) is shown with tubulointerstitial injury
scores from rats 25 weeks of age. Symbols
are: open bars, the percent of glomeruli with
either segmental or global sclerosis; slashed
bars, tubulointerstitial scores. The superscript
"a" indicates that the effect of diet was
significant (P < 0.05 by 2-way analysis of
variance).
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Table 3. The effects of diet and nephrectomy on major lipid classes in the kidneya
Standard diet Cholesterol
SignificancebSham Nephrectomy Sham Nephrectomy(N 3) (N = 3) (N = 3) (N = 3) Diet Nephrectomy
Cholesteryl esters 0.8 0.2 1.0 0.3 2.7 0.6 4.8 2.7 t (0.007) —
Triglycerides 4.7 0.9 6.2 1.7 4.7 1.4 7.5 2.4 — —
Cholesterol 11.7 0.5 10.5 0.8 11.1 1.5 10.8 0.5 — —
Diacylglycerol 0.7 0.1 0.9 0.2 0.7 0.1 0.8 0.1 — —
Monoacylglycerol 0.3 0.1 0.5 0.1 0.5 0.2 0.4 0.3 — —
Fatty acids 1.2 0.3 1.1 0,3 1.4 0.3 1.3 0.7 — —
Diphosphatidylglycerol 1.7 0.7 2.1 0.8 2.3 1.2 2.5 0.3 — —
Phosphatidylethanolamine 23.5 0.8 21.9 1.9 20.4 1.1 20.3 3.1 — —
Phosphatidylinositol 3.2 0.5 3.6 0.5 4.0 0.3 3.8 0.5 — —
Phosphatidylserine 5.0 0.9 5.3 1.3 5.6 1.3 4.6 1.4 — —
Phosphatidylcholine 32.6 1.3 32.9 2.0 30.9 0.4 30.2 1.0 (0.020) —
Sphingomyelin 14.4 0.3 13.8 1.4 15.4 0.9 13.0 0.4 — (0.019)
a Values are mean SD, expressed as percent of total lipids.b Arrows indicate significant effects (P < 0.05) by two-way analysis of variance with P values in parentheses.
Table 4. Fatty acid saturation in renal cortical tissuea
Standard diet Cholesterol
Significanc&'Sham Nephrectomy Sham Nephrectomy(N = 3) (N = 3) (N = 3) (N = 3) Diet Nephrectomy
Total lipids
Saturated 50.8 2.5 53.2 3.2 49.2 2.3 47.3 0.6 (0.024) —
Monounsaturated 11.2 0.7 11.3 0.7 14.1 0.9 15.6 2.0 (0.001) —
Polyunsaturated 37.8 2.8 35.1 3.9 36.4 3.2 36.9 1.5 — —
Phospholipids
Saturated 51.2 0.8 51.7 0.6 49.3 0.3 49.0 0.3 (0.000) —
Monounsaturated 9.4 0.3 9.6 0.4 11.6 0.3 12.2 0.8 t (0.000) —
Polyunsaturated 39.6 0.8 38.9 0.4 39.2 0.4 38.7 0.8 — —
Triglycerides
Saturated 54.1 2.0 52.8 0.7 46.2 0.2 42.8 3.6 (0.000) —
Monounsaturated 20.3 1.2 19.9 0.0 23.2 0.6 24.2 1.3 (0.000) —
Polyunsaturated 24.5 1.5 26.5 0.6 30.0 1.1 31.5 2.5 C (0.000) —
a Values are mean SD, expressed as a percent of total lipids.b Arrows indicate significant effects (P < 0.05) by two-way analysis of variance with P values in parentheses.
Among the phospholipid fatty acids (Table 5), both choles-
terol diet and nephrectomy caused a relative decrease in
arachidonic (20:4w6) and an increase in linoleic acid (18:2w6).
Thus, the ratio 20:4w6/18:2w6, an index of the amount of
linoleic acid converted to arachidonic acid, was decreased by
both nephrectomy and cholesterol feeding. The high cholesterol
diet also had a significant impact on individual saturated and
monounsaturated phospholipid fatty acids. Saturated fatty ac-
ids, palmitic (16:0), stearic (18:0), and lignoceric (24:0), were
decreased in the phospholipid fraction, while monounsaturated
fatty acids, palmitoleic (16:1), oleic (18:1), and nervonic (24:1),
were increased.
In the triglyceride fatty acids, the effects of nephrectomy and
cholesterol diet on arachidonic and linoleic acids tended to be
similar to those seen in the phospholipid fatty acid pooi (Table
6). However, the effects of nephrectomy on arachidonic and
linoleic acids did not reach statistical significance. The effects of
the high cholesterol diet on individual saturated and monoun-
saturated fatty acids in the triglyceride pool was also similar to
those seen in the phospholipids.
Several of the changes in cortical lipids were closely associ-
ated with the degree of renal injury (Table 7). Among the major
lipid classes, cortical cholesteryl esters correlated with both
glomeruloscierosis and tubulointerstitial injury. The overall
relative proportions of saturated and monounsaturated phos-
pholipid fatty acids were also highly correlated with the amount
of renal injury. Similar results were seen for the total and
triglyceride fatty acid poois (data not shown). The ratio of
arachidonic to linoleic acids (20:4o6/18:2w6) was also associ-
ated with renal injury. There were correlations between glomer-
ulosclerosis and 20:4o6/18:2w6 in the total (r =
—0.57, P < 0.05)
and in the triglyceride (r =
—0.66, P < 0.05) fatty acid pools,
but the correlation in the phospholipid fraction did not reach
statistical significance (r =
—0.49, P = 0.10).
Effects of high cholesterol intake and reduced renal mass on
glomerular hemodynamics
In the standard chow rats that underwent micropuncture,
there was no glomeruloscierosis. Only two glomeruli of 1463
examined in the cholesterol-fed rats showed focal, segmental
glomerulosclerosis. Urine albumin excretion just prior to mi-
cropuncture was 0.85 0.18 mg124 hr in the sham-operated rats
fed standard chow, and 3.12 0.87 mg/24 hr in the sham-
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Table S. The effects of diet and nephrectomy on phospholipid fatty acids in the kidneya
Standard diet Cholesterol
s 'fiigni canceSham Nephrectomy(N = 3) (N = 3)
Sham
(N = 3)
Nephrectomy
(N 3) Diet Nephrectomy
Palmitic (16:0) 22.2 0.6 22.0 0.3 21.5 0,8 21.6 0.3 — —
Palmitoleic (16:1) 0.5 0.1 0.5 0.1 0.8 0.2 0.8 0.5 t (0.004) —
Stearic (18:0) 20.3 0.6 20.2 0.3 19.2 0.4 18.6 0.7 (0.002) —
Oleic (18:1) 7.5 0.3 7.6 0.4 8.7 0.2 9.2 0.6 t (0.000) —
Linoleic (18:2w6) 8.5 0.3 10.2 0.5 10.3 0.7 10.8 0.8 1' (0.008) t (0.012)
a-Linolenic (18:3w3) 0.1 0.1 0.4 0.1 0.1 0.0 0.2 0.1 — (0.011)
DHGL (20:3w6) 0.6 0.1 0.6 0.0 0.9 0.2 0.9 0.0 1 (0.001) —
Arachidonic (20:4w6) 26.0 0.9 22.5 0.7 22.7 0.7 21.2 1.2 (0.001) J, (0.001)
EPA (20:5w3) 0.6 0.1 1.0 0.2 0.9 0.1 1.0 0.2 — 1 (0.011)
Arachidic (22:0) 0.6 0.1 0.7 0.2 0.7 0.1 0.8 0.2 — —
DPA (22:5io3) 0.4 0.1 0.4 0.1 0.4 0.1 0.6 0.1 — 1 (0.022)
DHA (22:6w3) 2.2 0.1 2.5 0.4 2.4 0.2 2.4 0.2 — —
Lignoceric (24:0) 4.7 0.2 4.9 0.3 4.5 0.3 4.2 0.1 (0.019) —
TCA (24:1) 1.0 0.1 1.1 0.1 1.5 0.2 1.6 0,1 1 (0.000) 1 (0.035)
20:4w6/18:2w6 3.1 0.2 2.2 0.1 2.2 0.2 2.0 0.3 , (0.002) (0.002)
a Values are mean so, expressed as percent of total lipids. Abbreviations are: DHGL, dihomo-y.linolenic acid; EPA, eicosapentaenoic acid;
DPA, docosapentaenoic acid; DHA, docosahexaenoic acid; TCA, tetracosenoic acid.
b Arrows indicate significant effects (P < 0.05) by two-way analysis of variance with P value in parentheses.
Table 6. The effects of diet and nephrectomy on triglyceride fatty acids in the kidneya
Standard diet Cholesterol
SignificancebSham(N = 3) Nephrectomy(N = 3)
Sham
(N = 3)
Nephrectomy(N = 3) Diet Nephrectomy
Palmitic (16:0) 42.6 2.6 39.6 0.4 35.0 1.1 31.5 3.4 (0.000) . (0.034)
Palniitoleic (16:1) 2.1 0.1 2.2 0.2 2.4 0.5 2.9 0.1 (0.019) —
Stearic (18:0) 6.7 0.6 7.4 0.5 6.8 0.6 6.6 0.4 —
Oleic (18:1) 16.3 3.0 15.9 2.1 20.2 0.3 20.7 1.2 (0.005) —
Linoleic (l8:2w6) 13.9 0.5 14.8 0.4 17.9 0.4 18.1 1.8 (0.000) —
y-Linolenic (18:3w6) 0.1 0.1 0.2 0.1 0.1 0.1 0.4 0.1 — (0.002)
a-Linolenic (18:3w3) 0.6 0.1 1.1 0.2 0.6 0.1 0.9 0.2 — f (0.002)
Arachidonic (20:4w6) 4.2 0.8 3.6 0.0 3.4 0.1 3.3 0.5 — —
EPA (20:5n3) 0.6 0.1 1.1 0.1 1.0 0.2 1.4 0.2 C (0.004) 1 (0.001)
DPA (22:5o.3) 0.7 0.1 0.9 0.1 1.0 0.1 1.1 0.1 1 (0.004) (0.050)
DHA (22:6u3) 3.5 0.1 3.7 0.2 4.4 0.9 3.9 0,5 — —
20:4a,6/l8:2w6 0.3 0.0 0.2 0.0 0.2 0.0 0.2 0.0 (0.001) —
a Values are mean so, expressed as percent of total lipids. Abbreviations are: EPA, eicosapentaenoic acid; DPA, docosapentaenoic acid;
DHA, docosahexaenoic acid.
b Arrows indicate significant effects (P < 0.05) by two-way analysis of variance with P value in parentheses.
operated rats fed the high cholesterol diet. In the nephrecto-
mized rats, urine albumin excretion was 1.03 0.22 mg/24 hr
and 4.56 2.48 mg/24 hr in the standard chow and cholesterol-
fed groups, respectively. The effect of diet on urine albumin
excretion was statistically significant by two-way analysis of
variance (P < 0.05), however, the effect of nephrectomy was
not. Thus, glomerular injury, as assessed by albuminuria and
the presence of glomerulosclerosis, was minimal at the time of
micropuncture.
Cholesterol-fed rats had lower body weights than rats fed
standard chow (Table 8). There was no effect, however, of high
cholesterol intake on kidney weight. Nephrectomy had no
significant effect on body weight, but, as expected, caused a
significant increase in kidney weight.
Cholesterol feeding caused a four- to fivefold increase in
serum cholesterol levels. Nephrectomy did not affect serum
cholesterol. High cholesterol intake also caused an increase in
directly measured colloid osmotic pressure. Nephrectomy
Table 7. Association (r-values) between renal injury and cortical
lipids
Glomerulo-
sclerosis
Tubulointer-
stitial injury
Cholesteryl
esters
Neutral lipids
Cholesteryl esters o,9oa 064b
Cholesterol —0.09 —0.11 0.07
Cholesteryl esters/chol. 0.92a 066b
Total phospholipid fatty acids
Polyunsaturates —0.35 —0.16
Monounsaturates 0.88a o.71a 0.86a
Saturates O.75a
Phospholipid fatty acids
Stearic (18:0)
Oleic (18:1)
0.95a
0.88a 069b
0.81a
0.88a
Linoleic (l8:2w6) 0.46 0.29 0.46
Dihomo-y-linolenic (20:3w6) 0.70k' 061b 058b
Arachidonic (20:4w6) —0.55 0.38 —0.57
a P < 0.01
b p < 0.05
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Table 8. Effects of a high cholesterol intake and reduced renal mass on glomerular hemodynamics
Group
BW LKW
g
CHOL
(mg/dl)
MAP
(mm Hg)
SNGFR SNPF
nI/mm
P, E GC P COP Kfni sec'
mm Hg RA RE RA/REmm Hg
Chol Nx 421 1.84 266 122 75.1 278 11.7 17.4 60.3 48.6 19.9 0.064 0.93 0.75 1.25
(N = 5) 0.27 99 9 10.1 63 0.5 2.2 1.6 1.8 0.5 0.013 0.27 0.16 0.27
Chol sham 378 1,23 233 120 51.3 155 13.0 18.0 58.5 45.6 18.6 0.047 1.83 1.50 1.32
(N = 8) 0.20 116 11 12.2 54 1.1 1.4 3.4 3.4 1.1 0.011 0.59 0.37 0.20
Std Nx 456 1.95 52 113 69.5 262 11.2 14.6 50.5 39.3 15.2 0.060 1.02 0.69 1.50
(N = 5) 0.31 9 11 9.2 69 0.9 1.1 1.8 1.8 0.8 0.009 0.31 0.25 0.22
Std sham 442 1.35 52 112 42.4 137 11.7 16.6 53.0 41.3 16.2 0.038 1.67 1.20 1.39
(N = 6) 0.12 12 7 6.9 20 0.5 1.2 1.7 2.0 0.5 0.010 0.25 0.20 0.10
P value
Chol vs Std 0.008 NS 0.001 0.04 NS NS 0.02 0.004 0.001 0.001 0.001 NS NS 0.09 0.09
Nx vs. Sham NS 0.001 MS NS 0.001 0.02 NS NS NS NS NS 0.001 0.001 0.001 NS
Values are mean SD; P values are for two-way analysis of variance.
Abbreviations are: BW, body weight; LKW, left kidney weight; CHOL, fasting serum cholesterol; MAP, mean arterial pressure; SNGFR, single
nephron glomerular filtration rate; SNPF, single nephron plasma flow; P, proximal tubular pressure; E, efferent arteriolar pressure; GC,
glomerular capillary pressure; iSP, transcapillary hydraulic pressure difference; COP, colloid osmotic pressure; Kf, glomerular ultrafiltration
coefficient; RA, afferent arteriolar resistance; RE, efferent arteriolar resistance; Chol, cholesterol chow; Std, standard chow; Mx, nephrectomy;
NS, not significant. RA and RE are expressed as 10'°dyne sec cm5.
34.0
32.0
14.0
Fig. 4. Relationship between glomerular stop-
flow pressure and plasma colloid osmotic
pressure. Symbols are: open circles, standard
chow, sham; closed circles, standard chow,
nephrectomy; open triangles, cholesterol
chow, sham; closed triangles, cholesterol
chow, nephrectomy. The equation for the
regression line is P (mm Hg) = 1.10 X
colloid osmotic pressure + 18.9. Overall r =
0.72, P < 0.001.
alone did not affect colloid osmotic pressure, but there was a
significant interaction (P < 0.001 by two-way analysis of
variance) between nephrectomy and high cholesterol intake to
further increase colloid osmotic pressure. There was a small,
but statistically significant, effect of high cholesterol intake on
mean arterial blood pressure at the time of micropuncture.
Under anesthesia, mean arterial pressure was 7 to 10 mm Hg
higher in cholesterol-fed rats, compared to rats fed standard
chow. However, none of the cholesterol fed rats was hyperten-
sive. Nephrectomy had no effect on mean arterial pressure.
As expected, nephrectomy caused compensatory increases in
both SNGFR and SNPF. There was a significant effect of
nephrectomy to reduce both RA and RE, but nephrectomy did
not alter the RA/RE ratio. High cholesterol intake, on the other
hand, had no statistically significant effect on either SNGFR or
SNPF, but had dramatic effects on intraglomerular pressures.
Both P and the transcapillary hydraulic pressure difference
(P) were elevated in cholesterol-fed rats. There was no effect
of high cholesterol intake on RA, but there was a trend (P =
0.09) for increased RE in the cholesterol-fed rats. There was
also a tendency (P = 0.09) for the RA/RE ratio in the cholester-
ol-fed rats to be decreased.
Univariate regression analysis demonstrated that, overall,
P0 correlated positively with mean arterial pressure (r = 0.50,
P < 0.05), Pt (r = 0.43, P < 0.05), and E (r = 0.50, P < 0.05),
and negatively with the RA/RE ratio (r =
—0.47, P < 0.05).
Moreover, tubular stop-flow pressure, nsf' correlated positively
with directly measured colloid osmotic pressure (Fig. 4). Thus,
elevation of colloid osmotic pressure in the cholesterol-fed rats
was associated with a parallel increase in GC, as indicated by
'sf The net effect was that SNGFR was not altered in the
cholesterol-fed rats.
As we and others have shown in Sprague-Dawley rats [19,
20], there was no independent effect of unilateral nephrectomy
44.0'
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40.0'
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E
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on glomerular pressures. There was, however, a significant
interaction (P < 0.05 by two-way analysis of variance) between
nephrectomy and high cholesterol intake with respect to both
GC and P. In other words, nephrectomy exaggerated the
increases in P0 and zP caused by high cholesterol intake.
Nephrectomy also caused an increase in Kf. In contrast, high
cholesterol intake had no statistically significant effect on K.
Discussion
The results of several investigations have suggested that
abnormalities in lipid metabolism may be important in the
pathogenesis of chronic progressive renal injury after a reduc-
tion in renal mass [6—9]. The present study examined the
potentially injurious effects of specific lipid alterations caused
by diet-induced hypercholesterolemia in rats with and without
reduced renal mass. Renal injury, as measured by glomerulo-
sclerosis and tubulointerstitial damage, was closely correlated
with changes in tissue cholesteryl esters and essential fatty
acids. Renal injury and tissue lipid abnormalities were also
associated with an increase in the percent of glomeruli with
infiltrating macrophages. In addition, micropuncture studies
demonstrated that diet-induced hypercholesterolemia was as-
sociated with an increase in glomerular capillary pressure that
preceded the development of glomeruloscierosis. The present
investigation was not designed to prove cause and effect rela-
tionships between lipid abnormalities, glomerular hemodynam-
ics, and renal injury. However, it is interesting to speculate that
tissue lipid alterations, the increase in glomerular macrophages,
and the glomerular hemodynamic alterations may have caused
renal injury by mechanisms analogous to those felt to be
important in the pathogenesis of systemic atherosclerosis [21,
22].
Although renal damage in the cholesterol fed rats tended to
be exacerbated by a reduction in renal mass, the injurious
effects of nephrectomy per se did not reach statistical signifi-
cance after the relatively brief, 15 week, study period. Others
have also found little evidence of renal damage three to six
months after unilateral nephrectomy in normal, Sprague-
Dawley rats [23]. In contrast, the high cholesterol diet markedly
accelerated the glomerular and tubulointerstitial damage that
normally accompanies aging in rats [24]. Other investigations
have found increased renal injury in experimental animals fed a
high cholesterol diet, but the mechanism whereby cholesterol
causes renal injury is unclear [8, 11—141. In the present study,
rats fed a high cholesterol diet tended to have slightly reduced
body weights. However, rats in all of the experimental groups
grew well, and it is unlikely that renal injury associated with
cholesterol feeding resulted from a decrease in food intake. In
some studies diet-induced hypercholesterolemia caused a se-
vere hemolytic anemia that may have influenced the degree of
renal injury [8, 11]. In the present investigation, however, the
hematocrit was not altered in the cholesterol fed rats.
A relative increase in cholesteryl esters was the principle
diet-induced alteration in the major lipid classes of the renal
cortex in the present investigation. Increased renal cholesteryl
esters have also been reported in cholesterol fed guinea pigs [8].
Moreover, a similar alteration in renal cholesterol metabolism
was found in the obese Zucker rat model of endogenous
hyperlipidemia and progressive renal injury [10]. In both the
present investigation, and in the Zucker rat model, the tissue
cholesteryl ester content correlated with the degree of renal
injury. Other investigations have shown that an increase in
tissue cholesteryl esters is an early, pre-lesional event that
appears to be important in the pathogenesis of atherosclerosis
[25, 26]. How cholesteryl ester accumulation might lead to renal
or vascular injury is unclear. However, it has been suggested
that cholesteryl ester deposition might be closely linked to a
second early event in the development of the atherosclerotic
plaque, that is, infiltration of the vessel wall by circulating
monocytes that subsequently become macrophages [27—29].
In the present investigation, the high cholesterol diet and
glomerular injury were associated with the accumulation of
glomerular cells having surface markers that identified them as
macrophages. These results are in agreement with those of a
previous investigation in which a high cholesterol diet fed to
guinea pigs caused an increase in glomerular cells exhibiting
nonspecific esterase activity [8]. An increased number of mac-
rophages has also been found in the glomeruli of cholesterol fed
rats with puromycin aminonucleoside nephrosis [30]. Bone
marrow-derived macrophages have been shown to be important
in the pathogenesis of immune-mediated glomerular injury in
experimental animals [31, 32]. Macrophages are known to
produce reactive oxygen molecules, lipoxygenase and cyclo-
oxygenase products of arachidonic acid metabolism, as well as
lysosomal enzymes that may all participate in glomerular in-
jury. Other products of macrophages, such as, platelet-derived
growth factor and interleukin- 1, are capable of inducing cell
proliferation and acting as chemoattractants for additional
monocytes [33]. Thus, a number of macrophage-derived medi-
ators produce effects that could directly, or indirectly, contrib-
ute to the development and progression of glomerular injury.
The alterations in renal cortical fatty acids observed in the
present study could also be important in the pathogenesis of
renal injury. In the total, triglyceride, and phospholipid pools,
cholesterol feeding caused an overall decrease in saturated fatty
acids and an increase in monounsaturated fatty acids. Total
polyunsaturated fatty acids were minimally affected by the diet,
largely because cholesterol-induced declines in arachidonic
acid (20:4w6) were offset by increases in linoleic acid (18:2w6).
The relative increases in palmitoleic (16:1), oleic (18:1), and
linoleic (18:2w6) acids could all reflect an inhibitory effect of the
cholesterol diet on -6 desaturase activity. Indeed, i-6 desat-
urase activity in hepatic microsomes has been reported to be
reduced after cholesterol feeding [34].
A significant finding in the present investigation was the
decrease in the ratio of arachidonic to linoleic acids in the
phospholipid pool. This altered relationship between the two
major essential fatty acids may have been caused by reduced
t-6 and/or -5 desaturase activity [34, 35]. A similar, relative
essential fatty acid deficiency has been described in rats with
type I and type II diabetes [10, 36]. Interestingly, both of these
diabetic rat models are also characterized by the development
of progressive renal injury. Moreover, linoleic acid-enriched
diets have been shown to retard the progression of renal
damage in rats with reduced renal mass [37, 38]. On the other
hand, diet-induced overt essential fatty acid deficiency blocked
the macrophage infiltration of the renal interstitium, and re-
duced acute injury in rats treated with puromycin aminonucle-
oside [39]. These latter results may suggest differences in the
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Fig. 5. Possible mechanisms of dietary
cholesterol-induced renal injury. Abbreviation
EFA is essential fatty acids.
effects of relative versus overt essential fatty acid deficiency, as
well as possible differences in acute versus chronic renal injury.
Alterations in fatty acid metabolism similar to those found in
the present study have been felt to be important in the patho-
genesis of atherosclerosis [40, 41]. Although it is not clear how
these changes may be injurious, alterations in membrane phos-
pholipid fatty acids can impair normal membrane function and
result in injury [42, 43]. The results of several investigations
have also suggested that cyclooxygenase and lipoxygenase
products of arachidonic acid metabolism may be important in
chronic progressive renal injury [4, 37, 38]. These products may
have a number of direct and indirect effects on the kidney that
could be important in the pathogenesis of progressive renal
damage, and the relative decrease in phospholipid arachidonic
acid attributable to cholesterol feeding and nephrectomy may
have contributed to the renal injury seen in the present study.
Recent investigations have suggested that metabolic events
associated with hypertrophy may be important in chronic,
progressive renal injury after a reduction in renal mass [5, 44].
It is of interest, therefore, that the glomeruli of cholesterol fed
rats were larger compared to those of rats fed regular chow.
This glomerular enlargement was seen after only four weeks of
diet, that is, before the development of glomerular sclerosis and
secondary compensatory hypertrophy. It is possible that renal
tissue lipid alterations directly, or indirectly, contributed to
glomerular hypertrophy. Indeed, changes in essential fatty
acids may stimulate cell growth and proliferation through
effects possibly mediated by altered eicosanoid production [45].
In addition, alterations in cholesterol-containing lipoproteins
have been shown to cause proliferation of a number of different
cells in vitro [46, 47]. Alternatively, it is possible that glomer-
ular hemodynamic alterations may have resulted in glomerular
hypertrophy.
Since increases in glomerular pressures have been implicated
in the development of glomerulosclerosis [1, 2], it is significant
that hypercholesterolemia was associated with increased P0 in
the present study. The increase in GC preceded, and could
have contributed to glomerular injury in the hypercholester-
olemic rats. The mechanism by which hypercholesterolemia
caused glomerular hypertension is unclear. Cholesterol-fed rats
had increased colloid osmotic pressure. Moreover, colloid
osmotic pressure correlated strongly with nsf, an independently
measured parameter indicative of the magnitude of glomerular
capillary hydraulic pressure (Fig. 4). Thus, intraglomerular
adjustments may have occurred in the cholesterol-fed rats, so
that the increase in colloid osmotic pressure was offset by a
parallel increase in capillary hydraulic pressure that maintained
SNGFR.
Several factors could have contributed to the trends for
elevated RE and decreased RA/RE in the hypercholesterolemic
rats. For example, it is possible that macrophage-derived vaso-
active agents could have exerted hemodynamic actions. In
addition, the decreased cortical arachidonic acid content in the
renal cortical fatty acids could have altered glomerular ei-
cosanoid synthesis and affected glomerular hemodynamics in
the cholesterol-fed rats.
Physical factors, such as altered plasma and whole blood
rheology, may also have contributed to the elevation of GC in
the cholesterol-fed rats. Plasma viscosity is increased in pa-
tients with hyperlipidemia [48]. Moreover, cholesterol-rich li-
poproteins can increase the cholesterol content of red blood cell
membranes, and decrease red blood cell deformability [49]. It is
possible, therefore, that increased viscosity and resistance to
flow in the glomerular capillaries could have caused an eleva-
tion of GC directly. Cholesterol-induced increases in viscosity
and resistance to flow may have been especially marked in the
post-glomerular circulation, due to hemoconcentration result-
ing from glomerular ultrafiltration. Interestingly, efferent arte-
riolar pressures were also elevated in the cholesterol-fed rats.
Moreover, increased blood viscosity in the immediate post-
glomerular circulation could have contributed to the trends for
calculated RE to be increased, and RA/RE to be decreased, in
the cholesterol-fed rats.
Another important finding of the present study was that there
were significant interactions between reduced renal mass and
high cholesterol intake with respect to intraglomerular pres-
sures. Unilateral nephrectomy exaggerated the increase in
colloid osmotic pressure that occurred with chronic high cho-
lesterol intake, and, in turn, both GC and P were highest in
nephrectomized rats fed high cholesterol. The net effect, again,
was preservation of SNGFR. The mechanism whereby ne-
phrectomy exaggerated the cholesterol-induced elevation of
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colloid osmotic pressure is unknown, but was not associated
with an effect of nephrectomy on the plasma cholesterol level.
The higher glomerular pressures in the nephrectomized, cho-
lesterol-fed rats could explain the tendency for greater glomer-
ular injury in the long-term nephrectomized rats fed high
cholesterol.
The present investigation of diet-induced hypercholesterol-
emia and reduced renal mass demonstrated a number of asso-
ciations between renal cholesteryl esters, essential fatty acid
metabolism, glomerular macrophage infiltration, and renal in-
jury. Similar associations between tissue lipids and renal injury
were also found in the obese Zucker rat model of endogenous
hyperlipidemia and spontaneous renal injury [10]. The present
investigations demonstrated that diet-induced hypercholester-
olemia was associated with increased glomerular pressure, a
finding not observed in the obese Zucker rat. Although none of
these associations prove cause and effect, they do suggest a
number of potentially important mechanisms that could explain
how alterations in lipid metabolism may contribute to the
development and progression of renal injury (Fig. 5). A better
understanding of these mechanisms may ultimately lead to
dietary or pharmacologic strategies that could delay or prevent
chronic progressive renal disease in humans.
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